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Abstract: This study examined the sensitivity of broadband spectroscopy algorithms for retinal
tissue oximetry to spectral acquisition parameters. Monte Carlo simulations were conducted on a
4-layer retinal model to assess the impact of various parameters. The optimal spectral range for
accurate measurements was determined to be 530 nm to 585 nm. Decreased spectral resolution
below 4 nm significantly reduced accuracy. Using an acquisition area larger than the blood vessel
resulted in an underestimation of oxygen saturation, especially for high values. A threshold was
observed where increased light intensity had no significant impact on measurement variability.
The study highlights the importance of informed parameter selection for accurately assessing
retinal microcapillary oxygenation and studying local hemodynamics.
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1. Introduction

Oxygenation plays a crucial role in maintaining physiological and functional activity of organs
and tissues. Local abnormalities in oxygenation and oxygen regulation occur at the onset or
with the development of many pathologies. For example, a decrease in oxygenation has been
shown to be a distinguishing factor for tumors malignity [1,2], while some people with diabetes
mellitus have their lower limbs poorly supplied with oxygen, thus causing diabetic foot [3]. A link
has also been established between poor tissue oxygenation and other diseases such as ischemia
reperfusion injury [4]. This is also true in the tissues of the eye: studies have shown that oxygen
dysregulation is associated with several ocular pathologies including glaucoma [5–10], diabetic
retinopathy [5,6,11–14], retinal vessel occlusions [5,6,15,16], retinitis pigmentosa [17,18], and
age-related macular degeneration [19].

Blood oxygen saturation is one of the key parameters in the assessment of tissue oxygenation.
Oximetry, the measure of this parameter, through optical and non-invasive methods exploits the
reversible binding of oxygen to hemoglobin and the accompanying changes to the absorption
spectrum, discovered by Stokes in the late 1800s [20]. Typically, a light source is used to illuminate
the tissue to be probed, and two- or more wavelengths from the reflectance signal acquired
by a light detector are used to determine oxygen saturation [3,21–34]. While two-wavelength
techniques have been used successfully to measure arterial oxygen saturation [21] and in large
blood vessels of the eye fundus [25], multiple wavelengths are generally required for measurement
in tissue, mainly due to the scattering of tissue structures, the presence of other absorbents (such
as melanin), and sensitivity to noise [26,27,35].

Regardless of the oximetry technique, a careful choice of wavelengths for analysis and spectral
resolution is essential. The spectral resolution is determined by the bandwidth of the filters or by
the spectrometer used, depending on the technology. However, the effect of spectral resolution
on the accuracy of blood oxygen saturation calculations remains unclear. Also, even if it is
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commonly accepted that noise can affect the validity and accuracy of calculated oximetry values
[36], very few studies quantifying this effect are available to date.

We recently proposed an ocular oximetry method for calculating blood oxygen saturation in the
tissues of the eye fundus from a diffuse reflectance spectrum in the visible light region, along with
the method for assessing its accuracy [37]. In the present study, we used Monte Carlo simulations
to investigate the impact of different spectral acquisition parameters on the accuracy of the said
ocular oximetry technique. We show the effect of wavelength range, spectral resolution, light
intensity, noise and background tissue reflectance. A comparison of the performance of the
present method with that of two- and three-wavelength oximetry methods in the face of the
variation of these parameters was also carried out.

2. Material and methods

2.1. Monte-Carlo simulations

Monte Carlo simulations of light transport in the eye fundus tissues, built on a previously
demonstrated simulation architecture [37], were used to study the effect of different acquisition
parameters. A modified version of mcxyz [38], a program allowing the simulation of the
propagation of photons in a multilayered tissue, was used for the simulations. Each layer
was defined based on absorption (µa) and scattering (µs) coefficients, anisotropy of scattering,
refractive index and thickness. After its initial launch with unit weight, each photon propagated
one step based on a random sampling of the probability density function 1/(µs + µa), followed
by a weight attenuation, µa/(µs + µa), due to absorption by the tissue. After absorption, the
attenuated photon was scattered along the deflection and azimuthal scattering angles, where
the Henyey-Greenstein phase function was used to establish the deflection scattering angle. A
refraction event was created when the propagation step occurred at the interface between 2
layers. The photon continued to propagate until its weight fell below a certain threshold, where a
procedure called roulette was used to decide whether the photon was completely extinguished or
not. The modification we introduced to the original model defined an acquisition region, called
the region of spectral acquisition (ROSA). Only back-scattered photons having passed through
the ROSA before exiting the tissue by the back surface were counted. All other exiting photons
were ignored in the count. This allowed the placement of the probed region anywhere in the
model.

As shown in Fig. 1, a simplified four-layer model - composed of the neural retina, the retinal
pigment epithelium (RPE), the choroid and the sclera - was developed. Blood vessels ranging
in radius from 6.25 µm to 50 µm were located within the neural retina. The same scattering
coefficients and anisotropy that had been used in [37] were kept for all the layers. Absorption was
determined by the blood content in the neural retina; thus, no absorption was considered outside
the blood vessels. The absorption in the RPE was modeled by the concentration of melanin,
which was set at 400 mmol/l. Absorption of the choroid is a function of hemoglobin and melanin
contents. The hemoglobin concentration in the choroid was set to 1.7 mmol/l [39,40] and the
melanin was set to 100 mmol/l. The choroidal blood oxygen saturation was set at 95%. As for
the sclera, the absorption properties measured and published by Hammer et al. [39,41] were
used. Table 1 shows an overview of the parameters used in the model, at 4 wavelengths.

Photons at each wavelength from 500 nm to 650 nm in 2-nm steps were propagated through the
eye fundus model while tracing all the layers that had been crossed, and back-scattered photons
were collected on the surface. In the model, we defined a spherical ROSA within one of the
vessels. Only a back-scattered photon having at one time or another passed through the ROSA
was accounted for in the reconstruction of the reflectance spectrum. By default, unless otherwise
specified, a 50 µm radius ROSA was positioned in a 50 µm radius blood vessel and reflectance
spectra were reconstructed from simulations of 20 actual oxygen saturation (StO2) values ranging
from 1% to 100%; each spectrum being reconstructed with 2-nm wavelength steps.
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Table 1. Overview of the optical parameters in the Monte-Carlo model of
the eye fundus. RPE and choroidal melanin concentrations were set to
400 mmol/l and 100 mmol/l, respectively. The choroidal StO2 was 95%.

530 nm 550 nm 570 nm 590 nm

Blood
µa(cm−1) 199.99 265.26 248.14 115.43

µs(cm−1) 94.34 90.91 87.72 84.75

g(−) 0.90 0.90 0.90 0.90

Retina
µa(cm−1) 6.00 7.96 7.44 3.46

µs(cm−1) 83.71 79.53 75.04 70.42

g(−) 0.97 0.97 0.97 0.97

RPE
µa(cm−1) 1097.69 948.76 825.76 737.03

µs(cm−1) 684.77 676.81 680.74 688.74

g(−) 0.84 0.84 0.84 0.84

Choroid
µa(cm−1) 435.24 423.90 389.12 251.44

µs(cm−1) 942.20 950.44 935.17 898.71

g(−) 0.87 0.87 0.87 0.87

Sclera
µa(cm−1) 4.79 4.39 4.03 3.74

µs(cm−1) 1004.67 949.39 883.92 862.88

g(−) 0.90 0.90 0.90 0.90

blood retina RPE choroid sclera ROSAblood retina RPE choroid sclera ROSA

Fig. 1. Geometry of the Monte Carlo eye model. The neural retina, the RPE, the choroid
and the sclera had thicknesses of 200 µm, 10 µm, 250 µm and 700 µm, respectively. The
largest blood vessel was 50 µm in radius and the smallest was 6.25 µm in radius. The ROSA
is indicated at a beige area
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2.2. Eye fundus reflectance model

The eye fundus reflectance model was based on the modified Beer-Lambert law. This law
is widely used in eye fundus oximetry applications [29,37,42,43], the diffusion theory being
ill-suited for this case because absorption is more significant than scattering [44].

The eye fundus optical density is estimated by

OD (λ) = c0 + cS log
1
λ
+ cHbOεHbO (λ) + cHbRεHbR (λ) + cMεM (λ) + cLSL (λ) , (1)

where OD (λ), εHbO, εHbR, εMel and Slens are the eye fundus optical density (OD), the oxy-
hemoglobin molar extinction coefficient, the deoxy-hemoglobin molar extinction coefficient, the
melanin molar extinction coefficient and the crystalline lens reference OD respectively. The term
cS log 1

λ is an empirical model of scattering, including erythrocyte light scattering [29], and c0 is
a scaling term.

In Eq. (1), cHbO and cHbR are coefficients representing products of the average optical path
length of the light trough blood and the concentration of oxy- and deoxy-hemoglobin, respectively.
The spectrum which would be acquired by a spectrometer collecting the light reflected from the
eye fundus is expressed by Eq. (2),

I (λ) = I0 (λ) exp (−OD (λ)) , (2)

where I (λ) is the noise-free diffuse reflectance spectrum and I0 (λ) the spectrum of the incident
light.

In real conditions, the acquired spectrum contains spurious signals, such as the ambient light
spectrum, specular reflections and other noises. The ambient light spectrum can generally be
well characterized and subtracted from the acquired signal. The acquired spectrum is particularly
affected by shot noise, inherent in the particulate nature of light, whose distribution follows
Poisson’s law [45,46]. The combination of remaining noises can be considered to have a
Gaussian distribution with a zero mean [45,46]. Therefore, the spectrum affected by noise can be
represented by Eq. (3),

IN (λ) = Poisson (I (λ)) + Gaussian (0,σ) , (3)

where IN (λ) is the noise-affected spectrum, I (λ) is the noise-free spectrum as expressed in Eq. (2)
and σ is the standard deviation of the Gaussian noise.

2.2.1. Multi-wavelength method for oximetry

Calculating StO2 from a continuous spectrum is done by solving Eq. (1) in order to find the
parameters cHbO and cHbR, and finally calculating StO2, which is the ratio between the amount of
oxygenated hemoglobin and the total amount of hemoglobin (Eq. (4)).

StO2 =
cHbO

cHbO + cHbR
× 100. (4)

A two-step method for solving Eq. (1) has already been described elsewhere [37]. It consisted, in
a first step, in solving the Eq. (1) by a least-squares fitting method over a wide spectral range (500
nm to 650 nm). This first step allowed an estimation of the coefficients of scattering, melanin
and crystalline lens terms, ĉS, ĉM and ĉL, respectively. These coefficients were then used to get
an estimate of a new optical density, largely dominated by the absorption of hemoglobin,

ODHb (λ) = OD (λ) − ĉS log
1
λ
− ĉMεM (λ) − ĉLSL (λ) ,

≈ c0 + cHbOεHbO (λ) + cHbRεHbR (λ),
(5)

which is solved using a least-squares fitting method on a narrower spectral range getting cHbO
and cHbR, used in Eq. (4).
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In this study, we refer to this method as the multi-wavelength method.

2.2.2. Two-wavelength method for oximetry

The two-wavelength method is derived directly from Eq. (5) [47]. By replacing cHbO and cHbR
by a function of StO2 and, considering the cases where the scale term c0 is zero, ODHb (λ) can
be written as

ODHb (λ) = BT (StO2 (εHbO (λ) − εHbR (λ)) + εHbR (λ)), (6)

where BT = cHbO + cHbR. Since all variables of Eq. (6) are known except for BT and StO2, values
of ODHb at the wavelengths λ1 and λ2 suffice to solve the equation. One of the wavelengths
(λ1 in the present case) can be chosen from an isosbestic point, i.e. εHbR (λ1) = εHbO (λ1), to
simplify the calculations. From this, one obtains

StO2 = m ×
ODHb (λ2)

ODHb (λ1)
+ b, (7)

where m and b are functions of εHbO (λ2), εHbR (λ2) and εHbR (λ1).
In practice, the coefficients m and b are obtained by calibration from reference structures or

samples where StO2 values are known [25,48]. In this study, we calibrated the method by using
the OD obtained by simulations of two blood vessels where the StO2 were 0% and 100%, using
the two wavelengths 560 nm and 586 nm.

2.2.3. Three-wavelength method for oximetry

Three-wavelength methods add a term accounting for scattering to Eq. (6).

ODHb (λ) = BT (StO2 (εHbO (λ) − εHbR (λ)) + εHbR (λ)) + B (λ), (8)

By using two isosbestic wavelengths λ1 and λ2 , to eliminate StO2 from the equation, and
choosing them close enough together (B (λ1) ≈ B (λ2)), it becomes possible to solve the equation
and obtain the parameter B (λ) [26,27]. The last step is to use a third non-isosbestic wavelength
λ3 to calculate StO2 from Eq. (8). In this study, we used the isosbestic wavelengths 569 nm and
586 nm, and the non-isosbestic wavelength 558 nm, as has been done in a study by Delori [27].

3. Results

3.1. Spectral range for multi-wavelength oximetry

Whether using two, three, four or multiple wavelengths, calculations to determine oxygen
saturation in the eye fundus from reflected light are typically made in the spectral region between
500 nm and 600 nm [27,35,42,48–50]. Within this region, however, the selection of spectral
range varies from method to method.

In order to investigate the effect of the selected spectral range on the StO2 accuracy, five million
photons per wavelength were propagated in the eye fundus model. The multi-wavelength method
was used to determine the StO2 with the narrow spectral band (the one used in the second step of
the method) set to 18 different spectral ranges. When dealing with the eye fundus reflectance, it
has been shown that for wavelengths greater than 590 nm, the contribution of the choroidal blood
vessels increases and interferes with the signal from the retinal blood vessels [42]. On the other
hand, light scattering increases for shorter wavelengths, leading to deviations in the oximetry
empirical model [29]. Based on this, the spectral ranges tested were contained with 510-590 nm.
Figure 2 shows the scatter plots of calculated and actual StO2 values obtained for the ranges of
510-590 nm and 530-585 nm. Although the slopes of the two trends are different, strong linear
correlations exist for both ranges between the calculated and the actual values. This was also the
case for all ranges tested. The Pearson’s correlation coefficient was greater than 0.999 (except
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for the ranges 540-585 nm and 540-580 nm, where it was 0.996 and 0.991, respectively) and
the p-value, for a statistical test where the null hypothesis is a slope equal to zero, was zero.
The slope and the intercept are presented in Figure 3. From this figure, we see that the range of
530-585 nm gave the best agreement between the calculated StO2 and the actual values.

Fig. 2. Selection of the spectral range. Scatter plots of StO2 values calculated by the
multi-wavelength method versus expected values, when the narrow spectral band is set to
510-590 nm and 530-585 nm. Perfect match is indicated as a dashed line. The data from
the 16 other spectral ranges tested displayed similar trends and is shown in Supplemental
Figures S1 to S5.

Fig. 3. Coefficients of regressions between calculated and actual StO2 for varying wavelength
ranges. The dashed horizontal line indicates the level where a perfect match is reached -
the slope is 1 and the bias is 0 - while the dashed vertical line highlights the spectral range
closest to that perfect match.

3.2. Impact of spectral resolution on multi-wavelength oximetry

Investigation of the effect of the spectral resolution on the accuracy of the multi-wavelength
method was carried out using spectra generated by the propagation of five million photons
in the eye fundus model. In order to simulate a change in spectral resolution, the spectra
were convolved with a Gaussian function whose width would determine the spectral resolution
∆λ = 2 nm × 2.355σ, where ∆λ is the spectral resolution and σ is the standard deviation of the
Gaussian function. The spectra were subsequently used to calculate the StO2.

Figure 4 shows the correlations between the StO2 obtained with five different resolutions,
varying from 1.2 nm to 10.6 nm, and the actual values. In each case, a linear correlation exists
between these parameters; however, we observe an underestimation of the values when the
resolution decreases. This underestimation is more important with greater values of the actual
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StO2, as evidenced by the increasing deviation from the perfect match case with increasing
values.

Fig. 4. Impact of spectral resolution on the estimation of StO2 using multi-wavelength
methods. (a) Scatter plot of calculated StO2 values using different spectral resolutions,
versus the simulated values. Perfect match is indicated as a dashed line. (b) Slope of the
correlation between calculated and actual StO2 for different spectral resolutions.

3.3. Impact of noise on diffuse reflectance spectra

Several sources of noise can affect spectra, which could have an impact on the accuracy of StO2
calculations. Shot noise results from the statistical variation in the rate of photon reaching the
detector, which in turn depends on the amount of light used to illuminate the sample. In the
literature, the number of photons used in Monte Carlo simulations for studies involving the eye
fundus varies greatly – e.g. ranging from 100,000 to five million [37,40,51,52] –, often as a
compromise to reduce simulation time.

To evaluate the effect of the number of photons used in simulations would have on the calculated
StO2 accuracy, we ran successive simulations with 100,000, 500,000, 1 million, 2 million and 5
million photons. The multi-wavelength method was used to calculate the StO2.

Table 2 shows that the number of photons used in the simulation had no noticeable effect on
the linear correlation between the calculated and the actual values. However, as expected, the
quality of the correlations increased with increasing number of photons, as can be seen with the
increasing Pearson correlation coefficient.

For comparison purposes, we also calculated the StO2 for varying amounts of photons using
the two- and three-wavelength methods, and the root-mean-square error (RMSE) was calculated
in each case. Results are shown in figure 5, which shows a decrease in the calculated StO2 RMSE
for the three methods tested as the number of photons increased from 100,000 to five million.
The RMSE trends were similar for the two- and three-wavelength methods, which both showed
greater RMSE (approximately 4 times greater regardless of the number of photons used) than the
multi-wavelength method.

The collected signal can also be affected by other types of noise characterized by a Gaussian
distribution, largely dominated by readout noise. These are random, wavelength-independent
noises that add to the actual reflected spectrum. To study the effect of Gaussian additive noise on
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Table 2. Linear regression coefficients and Pearson correlation
coefficients of relationship between calculated and actual StO2, with

varying number of photons in Monte Carlo simulations.

Number of photons Slope Intercept Pearson’s R

1 × 105 1.105 -1.634 0.942

5 × 105 1.006 -0.261 0.984

1 × 106 1.023 -2.135 0.995

2 × 106 1.003 -1.642 0.995

5 × 106 1.010 -0.278 0.998

Fig. 5. Impact of light intensity on the calculated StO2. Root-mean-square error (RMSE)
as a function of the number of photons used in Monte Carlo simulations. The two- and
three-wavelength methods RMSE was approximately 4-fold that of the multiwavelength
method, regardless of the number of photons used.

the estimation of StO2, we propagated photons in the Monte Carlo model of the eye fundus with
a ROSA positioned inside a blood vessel. Four noise levels were added to each of the spectra
using Eq. (3). Shot noise was kept low by using 5 million photons for each simulation. The
multi-wavelength method was used to calculate the StO2.

Table 3 shows that the Gaussian-distributed additive noise does not alter the linear correlation
between the estimated and the actual StO2 values. In this case, the Pearson correlation coefficients
decreased with increasing NSR, which is consistent with a decreasing accuracy with increasing
noise.

Table 3. Linear regression and Pearson correlation coefficient of
relationships between calculated and actual StO2 with varying

noise-to-signal ratio (NSR).

NSR Slope Intercept Pearson’s R

0.000 1.010 -0.278 0.998

0.025 0.998 -1.971 0.992

0.050 0.984 -0.725 0.965

0.075 0.923 +2.259 0.918

0.010 1.102 -1.340 0.940

The RMSE of the resulting simulations for the three calculation methods is shown in Figure 6.
As can be seen, RMSE increases as the noise-to-signal ratio (NSR) is increased. But again, in
this case, the RMSE for the two- and three-wavelength methods are approximately 4-fold greater
than that of the multi-wavelength method.
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Fig. 6. Impact of additive Gaussian noise on the calculation of StO2. RMSE between the
calculated and the actual StO2 values as a function of NSR.

3.4. Relative importance of wavelengths in multi-wavelength oximetry

When developing a multi-wavelength methods, it is important to determine the potential impact
of a disturbance of the reflectance spectrum on a single wavelength. The reflectance spectrum
was disturbed at the selected wavelength by increasing the initial value by an amplitude varying
from 1% to 20%. The StO2 was calculated using the multi-wavelength method, and the RMSE
between the calculated and the actual values was determined. Wavelengths between 530 nm and
585 nm were disturbed with a 2-nm step. As can be seen in figure 7, the RMSE increased with
the amplitude of the disturbances for a large majority of the wavelengths. However, it should
be noted that the magnitude of the increase in RMSE differed from one wavelength to another,
being very low at 570 nm and reaching a local maximum at 560 nm and tending towards greater
values at both ends of the range tested (530 nm and 584 nm).

Fig. 7. Relative importance of individual wavelengths using the multi-wavelength method.
RMSE between the calculated and the actual StO2 values as disturbances (1%, 5%, 10%,
15% and 20%) were introduced in the reflectance intensity at specific wavelengths. The
multi-wavelength method was used for StO2 calculations.

In order to compare the performance of the multi-wavelength method with those of the two-
and three-wavelength methods, StO2 was calculated from the disturbed spectra with each, only
considering the relevant wavelengths in the latter two. Table 4 shows the RMSE obtained for the
two-wavelength and three-wavelength method, respectively.

The results reveal that both methods are very sensitive to noise, with a 1% disturbance on
a single wavelength having a greater impact on them (over 8% increase in RMSE for both
cases) than a 20% disturbance on any of the wavelengths used in the multi-wavelength method
(maximum RMSE of 7.65% at 584 nm).
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Table 4. RMSE between actual StO2 and StO2 calculated with the
2-wavelength and 3-wavelength methods when disturbances are applied to

a single wavelength.

2-wavelength 3-wavelength

Disturbance
amplitude

560 nm 586 nm 558 nm 569 nm 586 nm

1% 8.5 8.6 8.5 5.7 5.8

5% 19.3 20.1 19.2 11.3 6.4

10% 35.4 36.5 31.1 19.4 10.3

15% 51.3 52.2 40.9 25.7 15.2

20% 66.6 67.0 47.8 30.6 18.7

3.5. Overlap of the ROSA on the background tissue

The ROSA size is dictated by technological choices, and it can be challenging to achieve a small
size ROSA that fits entirely within a blood vessel [53].

We therefore wanted to study the effect, on the calculated StO2, of the overlap of the ROSA
with the tissue surrounding a blood vessel. To do this, we performed Monte Carlo simulations
with ROSAs of varying radii - 50 µm, 75 µm, 100 µm and 125um - while maintaining a blood
vessel of 50 µm in radius. All three StO2 calculation methods were evaluated. It can be seen
from the results, shown in figure 8, that the RMSE increased with the ROSA radius for all
methods. However, the multi-wavelength method was less impacted by the change in ROSA size
as evidenced by its RMSE, which remained up to four times lower than that of the two other
methods.

Fig. 8. Impact of ROSA size on StO2 calculations. RMSE of the relationships between
the calculated and actual values as a function of ROSA radius. The two-, three-, and
multi-wavelength methods were used for StO2 calculation.

4. Discussion

In this study, we demonstrated the robustness of multi-wavelength oximetry in the face of
variations in acquisition parameters. This is one of the advantages of the two-step approach
used for the determination of coefficients. While Eq. (1) can be resolved for a given spectrum
using a least-squares method, with 6 unknowns to find the coefficients which fit that spectrum,
this approach would not guarantee accuracy of the coefficients found. In fact, high coefficient
accuracy is generally obtained when the number of terms in the equation is kept at minimum [36].
On the other hand, the two-step coefficient determination that we present makes a first estimate
of the contribution of elements other than hemoglobin absorption to the optical density, allowing
a second resolution for oxygenated and reduced hemoglobin with a low number of unknown
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variables. The only condition remaining is to solve the equation in a range of wavelengths where
the residuals of the first approximation have a lower impact. We found that the range between 530
nm and 585 nm was the most suitable and the one that leads to the most accurate StO2 values over
the entire oxygen saturation range (Figs. 2 and 3). These results are in line with previous studies
[26,27], which used regions between 510 nm and 590 nm, but assumed wavelength-independent
scattering in the chosen spectral region. The improvement brought forward by our method is that
it does not require assumptions on the StO2 value and the elements that affect optical density, but
rather calculates it directly from the collected signal. This brings a substantial improvement to
other previous multi-wavelength methods [42,54,55] that attempted to include all elements in the
reflectance model and solve it all in one step - an approach that compromises the accuracy of
oximetry calculation.

Sensitivity to various acquisition parameters is an important characteristic for any multifactor
measurement method. In the case of StO2 calculations, we can see that the spectral resolution has
a significant impact on accuracy (Figure 4); a low resolution leading to an underestimation of StO2.
This result could be explained by the fact that a low resolution leads to poorer localization of the
peaks, valleys and inflection points essential to the distinction between oxygenated hemoglobin
and reduced hemoglobin. Beach et al. observed that the use of a 60-nm bandwidth filter
induced an 8% difference between the optical densities of oxygenated hemoglobin and reduced
hemoglobin [48]. Still, the underestimation in StO2 observed in the present study remains low
for resolutions below 6 nm. This robustness could be explained by the fact that multi-wavelength
oximetry is not based on two or three specific wavelengths, but on a synergy of all the wavelength
within the range considered.

We also showed that both shot noise (Figure 5 and Table 2) and Gaussian noises (Figure 6 and
Table 3) have an effect on the accuracy of multi-wavelength oximetry. While the linearity of
correlations between the calculated and the actual StO2 is not impacted, the distribution around
the regression line is affected. This noise effect, although present, remains low compared to two-
and three-wavelength methods (Figure 6). These results are in agreement with previous studies
[36], including a number investigating error for the two-wavelength method [56,57]. Using a
larger number of wavelengths increases the signal-to-noise ratio, which is inversely proportional
to the square root of the number of wavelengths used [49].

Beyond the spectral range, spectral resolution and impact of the noise on the overall spectrum,
it is interesting to determine the impact of noise affecting a single wavelength on oximetry
measurements. This enables us to establish the relative contribution of each wavelength to the
calculation of StO2 for the two-, three- and multi-wavelength methods. The trend of RMSE
over the wavelengths disturbed for the multi-wavelength method highlights many insights. We
found that 560 nm, which corresponds to a valley in the absorption spectrum of oxygenated
hemoglobin, is given greater importance than 540 nm corresponding to the first peak in the
region considered; that a disturbance at the isosbestic wavelength around 570 nm does not impact
the accuracy whereas the ends of the spectral region are very sensitive. To our knowledge,
there are no previous studies on the sensitivity to perturbations of multi-wavelength oximetry
at each individual wavelength. Damodaran et al. used data collected on a retina-mimicking
phantom to determine optimal wavelengths for oximetry, based on each wavelength’s sensitivity
to disturbance [57], but their study was applied only to the two-wavelength method, while Smith
conducted a similar study applied to the three-wavelengths method [47]. Interestingly, our study
demonstrates that both two- and three-wavelength oximetry approaches are very sensitive to noise
applied to any of the wavelengths used for calculations, with disturbances of 1% in amplitude
leading to RMSEs greater than that of disturbances of 20% applied to any wavelength in the
multi-wavelength method. This highlights the robustness, and a major strength, of the latter
method.
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Finally, it was important to determine the impact of the ROSA overlapping with both a blood
vessel and the surrounding tissue on the StO2 measurements of blood in the vessels. The outcome
is that the oximetry measurement is only slightly affected. The differences observed are due to
the fact that when a portion of the ROSA is outside the blood vessel, a significant amount of light
is backscattered towards the detector without having interacted with the hemoglobin, resulting
in a modification of the collected reflectance spectrum [58,59]. Thus, the greater portion of
the ROSA located outside the vessel, the more the collected spectrum is different from that of
hemoglobin. These observations are in agreement with previous studies which observed that this
effect called pigment packing had a fairly large impact on two-wavelength oximetry [57,60].
Despite the strong correlation between the proportion of the blood vessel in the ROSA (BV-ROSA
ratio) and the error on StO2, the impact remains relatively weak and decreases rapidly with the
increase in the proportion BV-ROSA ratio for multi-wavelength oximetry. This opens the door to
reliable tissue oximetry, in which StO2 measurements are made for small vessels located within
tissue. The performance of our multi-wavelength method even when there is overlap with the
background tissue could be explained by the absence of a priori assumptions in the method,
which allows a good attenuation of adverse effects of background tissue scattering.

The approach and conclusions presented in this study are meant to be a first step in the selection
of key components and parameters of the acquisition system. Specific simulations on the impact
of optical system errors as well as post-design characterization experiments are additional steps
that are obviously required in the development process of this type of system, but are outside the
scope of this study.

5. Conclusion

We have shown the robustness of multi-wavelength oximetry to several spectral acquisition param-
eters. An appropriate choice of wavelength range and spectral resolution remain determinants,
but other parameters can also affect the performance of the method. The results presented in this
study identify these parameters and quantify their impacts. Moreover, the results can be used in
the design of systems for the determination of StO2 in the eye fundus and other tissues such as
the skin and mucous membranes. The model strongly suggests the use of a wide spectral range
which allows for accurate assessments of StO2 in retinal microcapillaries, opening the door to the
monitoring of local changes in hemodynamics through oximetry of ocular tissues.
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